Because the antidiabetic drug metformin is associated with reduced risk of and improved prognosis of many cancers in type II diabetes patients^[@bib1],\ [@bib2]^ and has an excellent safety record in diabetic patients, the clinical evaluation of metformin for its chemopreventive and antineoplastic effects has bypassed the traditional phase I assessment and has directly moved forward to phase II and phase III trials in several cancers.^[@bib3],\ [@bib4]^ A growing body of epidemiological investigations and preclinical studies has implicated diverse mechanisms underlying the antitumor action of metformin, with different mechanisms playing important roles in different tissues and in different cancer types.^[@bib1],\ [@bib2],\ [@bib4]^

Esophageal squamous cell carcinoma (ESCC) is the third most common malignancy of the digestive tracts and the sixth leading cause of cancer death in the world.^[@bib5],\ [@bib6],\ [@bib7],\ [@bib8]^ Currently, there are no effective chemopreventive and therapeutic strategies for this lethal disease. However, the effects of metformin on ESCC have not been adequately studied and, in particular, the mechanisms by which metformin exerts its antitumor effects in ESCC have not been previously investigated. ESCC is an inflammatory malignancy in which inflammatory signaling pathways are aberrant.^[@bib9],\ [@bib10],\ [@bib11]^ The transcription factor signal transducer and activator of transcription 3 (Stat3) is a point of convergence for numerous oncogenic and inflammatory signaling pathways, including cytokines, growth factors and oncogenes.^[@bib12],\ [@bib13],\ [@bib14]^ Stat3 is a key player in inflammation-driven tumorigenesis, particularly ESCC, where its aberrant continuous activation is a signature of the disease.^[@bib11],\ [@bib12],\ [@bib13],\ [@bib14]^ Moreover, Stat3 participates in cell growth and survival through regulating cell proliferation and apoptosis.^[@bib15],\ [@bib16]^ Stat3 has emerged as a promising molecular target for cancer therapy.^[@bib13]^ However, it is unknown whether the antineoplastic effects of metformin occur through inflammation-associated mechanisms in ESCC cells.

On the other hand, most published studies on the antitumor actions of metformin have focused on inhibition of proliferation and induction of apoptosis.^[@bib17],\ [@bib18],\ [@bib19]^ Metformin has also been reported to cause autophagy,^[@bib20]^ suggesting involvement of metformin in coordinating complex interaction between cell survival and growth. Understanding the interplay between apoptosis and autophagy induced by metformin may identify new targets for cancer therapy, and improve the therapeutic efficiency. Currently, there are no data about the effects of metformin on autophagy, and the interplay between autophagy and apoptosis in ESCC cells.

In this study, we investigated the *in vitro* and *in vivo* effects of metformin on human ESCC. In particular, we examined the role of Stat3 signaling in the interaction between apoptosis and autophagy mediated by metformin.

Results
=======

Metformin selectively inhibited growth of human ESCC cells
----------------------------------------------------------

To investigate the effect of metformin on growth of human ESCC cells, we used the EC109 and EC9706 human esophageal squamous cell carcinoma tumor cell lines, as well as the immortalized, noncancerous NE3 esophageal epithelial cell line. Metformin, in a concentration range of 1--20 mM, decreased cell viability of both EC109 and EC9706 cells over 24, 48 and 72 h of continuous exposure, as assessed by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay ([Figures 1a and b](#fig1){ref-type="fig"}), but only marginally reduced the viability of NE3 cells ([Figure 1c](#fig1){ref-type="fig"}). In addition, in colony formation assays, metformin decreased colony formation compared with control ([Figure 1d](#fig1){ref-type="fig"}). Therefore, metformin inhibited ESCC cell growth.

Metformin induced ESCC apoptotic cell death and inhibited cell proliferation
----------------------------------------------------------------------------

To determine whether metformin causes cell death by apoptosis, ESCC cells were analyzed by flow cytometry following Annexin V-FITC and propidium iodide (PI) dual labeling. As shown in [Figure 2a](#fig2){ref-type="fig"}, metformin (5 mM) treatment for 48 and 72 h and for 7 days increased the number of apoptotic cells compared with their respective controls. As apoptosis is often associated with the collapse of mitochondrial membrane potential (MMP),^[@bib5]^ the ability of metformin to depolarize the mitochondrial membrane was investigated by JC-1 staining. When mitochondria are polarized, JC-1 is concentrated in the mitochondria to form aggregates that emit a red fluorescence. When mitochondria are depolarized, JC-1 cannot be concentrated in the mitochondria and continues to exist in a monomeric form that emits a green fluorescence. Consistent with prior reports, the red-to-green fluorescence ratio was found to decrease when cells were treated with metformin for 48 h ([Figure 2b](#fig2){ref-type="fig"}), indicating that metformin causes depolarization of the mitochondrial membrane.

TUNEL (terminal deoxynucleotidyl transferase-mediated nick end labeling) staining and western blot assay were performed to confirm induction of apoptosis. Treatment with metformin increased TUNEL-positive cells in a dose-dependent manner ([Figure 2c](#fig2){ref-type="fig"}). As key executors of cell apoptosis, both caspase-cleaved PARP and the ratio of Bax to Bcl-2 proteins increased in ESCC cells when treated with metformin for 24 h, or with 10 mM metformin for indicated time points ([Figure 2d](#fig2){ref-type="fig"}). Given that very strong inhibition of cell growth by metformin was especially prominent after 7 days of exposure ([Figure 1a](#fig1){ref-type="fig"}), additional cellular events may occur. Metformin has been shown to affect the proliferation of several human cancer types. As expected, cellular proliferation represented by phospho-Histone H3 (pH3) immunofluorescence was decreased, particularly on day 7 after metformin addition ([Figure 2e](#fig2){ref-type="fig"}). Together, these results demonstrate that apoptosis, as well as cell proliferation, are involved in the response of ESCC to metformin treatment.

Inhibition of metformin-induced autophagy sensitized ESCC cells to metformin-induced apoptotic cell death
---------------------------------------------------------------------------------------------------------

Metformin can trigger autophagy.^[@bib20]^ We therefore examined whether metformin induced autophagy by morphological and biochemical identifications. The increased acidic vesicular organelles (AVOs) are correlated with increased autophagosomes indicating the formation of autophagolysosomes. To analyze the machinery involved in the autophagic process, acridine orange (AO) staining and monodansylcadaverine (MDC) staining were employed to detect the AVO formation. AO-label and MDC-label cells were visualized using a fluorescent microscope after 20 mM metformin treatment at particularly 48 h time point ([Figure 3a](#fig3){ref-type="fig"}, upper and middle). Metformin-induced AVO formation was quantified by flow cytometry after staining the cells with AO, demonstrating a dose-dependent increased percentage of AVOs from 0.99 to 25.95% ([Figure 3b](#fig3){ref-type="fig"}).

Microtubule-associated protein light chain 3 (LC3) is a specific marker for autophagy initiation. EC109 cells were transfected with GFP-LC3 cDNA and were detected using a fluorescent microscope. Metformin-treated cells showed a punctate pattern of GFP-LC3 fluorescence, representing recruitment of LC3-II to autophagosomes and the formation of autophagic vacuoles, whereas the vehicle-treated control cells exhibited diffuse LC3-associated green fluorescence ([Figure 3a](#fig3){ref-type="fig"}, low). In agreement with the results of formation of GFP-LC3-labeled vacuoles by fluorescent microscopy, conversion of the cytoplasmic form of LC3 (LC3-I, 18 kDa) to the pre-autophagosomal and autophagosomal membrane-bound form of LC3 (LC3-II, 16 kDa) was biochemically demonstrated by western blot in a dose-dependent manner ([Figure 3c](#fig3){ref-type="fig"}). Moreover, induction of autophagy was identified by two well-established measurements of autophagy, that is, enhancement of Beclin-1, a component of the class III phosphatidylinositol 3-kinase complex essential for autophagosome formation,^[@bib21]^ and degradation of p62, a protein facilitating autophagic degradation of ubiquitinated protein aggregation^[@bib22]^ ([Figure 3c](#fig3){ref-type="fig"}).

Finally, autophagy was confirmed by transmission electron microscopy (TEM). EC109 cells treated with metformin for 48 h showed typical autophagic vacuoles, including accumulation of numerous autophagic vesicles with a distinct double membrane, compared with no or few autophagic vacuoles in control cells ([Figure 3d](#fig3){ref-type="fig"}). Taken together, our results indicate that metformin treatment induced autophagy in human ESCC cells.

Autophagy is able to either suppress or promote tumor cell growth in different cellular contexts.^[@bib23],\ [@bib24],\ [@bib25],\ [@bib26]^ Given that manipulation of autophagy may improve the efficacy of anticancer therapeutics,^[@bib5],\ [@bib20]^ we were eager to determine whether the metformin-elicited autophagy in ESCC favored cell survival or cell death. We used two autophagy inhibitors: 3-methyladenine (3-MA), a phosphoinositide 3-kinase inhibitor that exerts its autophagy-inhibiting effect before the formation of autophagosomes, and chloroquine (CQ) that serves as a cancer-specific chemosensitizer partly dependent on its ability to inhibit autophagy.^[@bib5],\ [@bib20]^ Pretreatment of cells with 3-MA or CQ decreased the number of viable metformin-treated cells, as assayed by MTT ([Figure 4a](#fig4){ref-type="fig"}). TUNEL staining of metformin-treated cells was markedly enhanced in the presence of 3-MA ([Figure 4b](#fig4){ref-type="fig"}). Furthermore, pretreatment of cells with 3-MA or CQ enhanced the metformin-induced collapse of mitochondrial membrane potential ([Figure 4c](#fig4){ref-type="fig"} and [Supplementary Figure 1](#sup1){ref-type="supplementary-material"}). Pretreatment with 3-MA obviously decreased LC3II and Beclin-1, and increased Bax and cleaved PARP expression, indicating an elevated apoptosis process compared with metformin treatment alone ([Figure 4d](#fig4){ref-type="fig"}).

Pharmacological inhibitors of autophagy may exhibit autophagy-independent actions.^[@bib27]^ Therefore, to corroborate the cytoprotective action of autophagy, the effects of metformin were examined in cells in which Beclin-1 and autophagy-related gene 5 (Atg5), two critical autophagic regulators,^[@bib21],\ [@bib28]^ were downregulated by small interfering RNA (siRNA). EC109 cells transfected with Beclin-1 siRNA or Atg5 siRNA showed a reduced level of LC3-II accumulation after metformin treatment compared with a scrambled siRNA control, indicating the involvement of Beclin-1 and Atg5 to metformin-mediated autophagy in ESCC ([Figure 4e](#fig4){ref-type="fig"}). In agreement with the data derived from pharmacological inhibitors, knockdown of Beclin-1 or Atg5 by siRNA enhanced cleaved PARP, as assayed by western blot analysis ([Figure 4e](#fig4){ref-type="fig"}), indicating that autophagy is cytoprotective for metformin-induced apoptotic cell death. In summary, metformin triggers autophagy in ESCC, and apoptosis is enhanced by inhibition of autophagy, suggesting that autophagy is a protective mechanism for ESCC cells in the context of metformin-induced apoptotic cell death.

Metformin inhibited Stat3/Bcl-2 pathway in an AMPK-dependent and -independent manner
------------------------------------------------------------------------------------

ESCC carcinogenesis involves inflammation in which the Stat3 signaling pathway is frequently activated. Given that Stat3 is a well-known cancer therapeutic target, we investigated whether Stat3 is involved in metformin action in ESCC cells. Western blot analysis showed that expression of phosphorylated Stat3 and its target cyclin D1 were dramatically repressed by metformin treatment ([Figure 5a](#fig5){ref-type="fig"}). To further confirm the negative regulatory role of Stat3 signaling in autophagy in metformin-treated ESCC cells, we characterized the effects of metformin in cells in which Stat3 was silenced with siRNA ([Supplementary Figure 2](#sup1){ref-type="supplementary-material"}). In line with metformin treatment, knockdown of Stat3 not only induced apoptosis, as indicated by increased cleaved PARP ([Figure 5b](#fig5){ref-type="fig"}), but also resulted in autophagy, as evidenced by conversion of LC3, enhanced Beclin-1 expression and increased punctate GFP-LC-3 fluorescence intensity ([Figures 5b and c](#fig5){ref-type="fig"}). Moreover, silencing of Stat3 resulted in enhanced metformin-induced decreases in cell viability, as assessed by MTT assay, compared with control ([Supplementary Figure 3](#sup1){ref-type="supplementary-material"}). Thus, these data suggest that Stat3 inactivation is involved in metformin-mediated inhibition of growth, and induced autophagy and apoptosis.

Next, we determined the potential mechanism by which Stat3 inactivation by metformin triggers apoptosis and autophagy in metformin-treated cells. It is noteworthy that Bcl-2, a direct downstream target of Stat3, was repressed by metformin treatment ([Figure 2d](#fig2){ref-type="fig"}), whereas Bcl-2 was further downregulated by metformin in Stat3-silenced cells ([Figure 5b](#fig5){ref-type="fig"}). Bcl-2 is known to regulate both apoptosis and autophagy.^[@bib21],\ [@bib28],\ [@bib29],\ [@bib30]^ Ectopic expression of Bcl-2 in EC109 cells, by transfection with a Bcl-2 expression plasmid, inhibited the upregulation of Bax and cleaved PARP expression by metformin ([Figure 5d](#fig5){ref-type="fig"}), indicating that Bcl-2 overexpression can block metformin-induced apoptosis. Similarly, Bcl-2 overexpression also attenuated metformin-triggered autophagy, as evidenced by diminished LC3 conversion, and lack of Beclin-1 and Atg5 upregulation ([Figure 5d](#fig5){ref-type="fig"}). These data indicate that metformin induces apoptosis and autophagy at least partially via inactivation of Stat3 and repression of Bcl-2.

Furthermore, to evaluate the clinical impact of Stat3/Bcl-2 signaling in ESCC, we characterized p-Stat3 and Bcl-2 expression in resected specimens from patients with ESCC. Immunohistochemistry (IHC) showed that both p-Stat3 and Bcl-2 were overexpressed in ESCC samples, compared with nontumor tissues, and both proteins positive correlated with each other ([Figure 5e](#fig5){ref-type="fig"}, *r*=0.695 and *P*\<0.001).

AMP-activated protein kinase (AMPK) is a sensor of cellular and systemic energy homeostasis.^[@bib31]^ Metformin activates AMPK to phosphorylate mammalian target of rapamycin (mTOR).^[@bib31],\ [@bib32]^ However, metformin can exert its effects through both AMPK-dependent and -independent mechanisms in different cellular settings.^[@bib20]^ We therefore determined whether AMPK participates in the cytotoxic effects of metformin treatment. Metformin indeed increased p-AMPK, but decreased p-mTOR ([Figure 5f](#fig5){ref-type="fig"}). AMPK knockdown partially inhibited metformin-mediated autophagy, as evidenced by decreased conversion of LC3-I to LC3-II ([Figure 5f](#fig5){ref-type="fig"}). Meanwhile, inactivation of Stat3 by metformin was only marginally blocked by AMPK knockdown ([Figure 5f](#fig5){ref-type="fig"}). These data suggest a limited involvement of AMPK in metformin-mediated Stat3 inactivation and autophagy. Together, metformin induces apoptosis and autophagy in ESCC largely via crosstalk between Stat3 and Bcl-2.

Metformin inhibited ESCC tumor growth *in vivo*
-----------------------------------------------

We evaluated the effects of metformin *in vivo* in a xenograft tumor model by subcutaneous inoculation of EC109 cells into nude mice. On day 7 following tumor cell injection, mice were given daily intraperitoneal injections (i.p.) of metformin (250 mg/kg body weight) for 4 weeks. Throughout the course of treatment, metformin did not cause visible side effects or change in body weight of the mice ([Supplementary Figure 4](#sup1){ref-type="supplementary-material"}). Consistent with *in vitro* results that metformin treatment decreased the growth of cultured ESCC cells, metformin administration was very effective in inhibiting tumor growth *in vivo* throughout the course of treatment ([Figure 6a](#fig6){ref-type="fig"}), resulting in decreased tumor size and weight ([Figure 6b](#fig6){ref-type="fig"}). These data indicate that metformin reduces tumor volume and growth rate of ESCC cells *in vivo*.

TUNEL analysis showed that metformin increased apoptosis ([Figure 6c](#fig6){ref-type="fig"}). Tumors exhibited decreased p62 IHC, whereas LC3 conversion was enhanced, as determined by western blot, indicating increased autophagy following metformin administration ([Figures 6c and d](#fig6){ref-type="fig"}). Furthermore, IHC using an antibody against PCNA, a marker of cell proliferation, showed that PCNA-positive cells were decreased in metformin-treated mice as compared with control mice ([Figure 6c](#fig6){ref-type="fig"}), demonstrating decreased cell proliferation induced by metformin treatment ([Figure 6c](#fig6){ref-type="fig"}).

We also investigated whether metformin affects Stat3/Bcl-2 signaling of human ESCC cells *in vivo*. IHC revealed decreased expression of p-Stat3, and two Stat3 targets, cyclin D1 and Bcl-2, in tumors from mice treated with metformin, as compared with control mice ([Figure 6c](#fig6){ref-type="fig"}), whereas total Stat3 levels remained unchanged (data not shown). These data indicate metformin treatment inactivates Stat3/Bcl-2 activity *in vivo*.

To confirm the cytoprotective action of metformin-mediated autophagy *in vivo*, mice were treated with both metformin and CQ. Co-treatment reduced tumor volume compared with metformin alone ([Supplementary Figure 5](#sup1){ref-type="supplementary-material"}). Consistent with our *in vitro* results, *in vivo* metformin administration inhibited ESCC cell growth through the integrative effects of apoptosis, autophagy and cell proliferation as a consequence of metformin-mediated inactivation of Stat3/Bcl-2 pathway.

Discussion
==========

This study describes the antineoplastic effects of metformin on ESCC cells *in vitro* and *in vivo*. We also propose a novel mechanism in which metformin inactivates Stat3 and subsequently represses Bcl-2 to induce autophagy and apoptosis ([Figure 7](#fig7){ref-type="fig"}).

Although metformin has been studied in clinical trials for many types of cancers, its use in clinical trials for ESCC has not been considered. Recently, metformin was reported to increase response to chemoradiation in patients with esophageal adenocarcinoma, suggesting a therapeutic effect of metformin in patients with esophageal neoplasia.^[@bib33]^ Although a previous report demonstrates that metformin inhibits proliferation of ESCC cells (KYSE30 and KYSE70) *in vitro*,^[@bib34]^ our study corroborates and extends these studies to the roles of autophagy and apoptosis and to an *in vivo* ESCC model.

Both apoptosis and autophagy are crucial mechanisms regulating cell survival and homeostasis.^[@bib17],\ [@bib19],\ [@bib35]^ Although modulation of autophagy by apoptotic signaling pathways has been studied extensively, it is also known that autophagy modulates apoptosis.^[@bib5],\ [@bib17],\ [@bib19],\ [@bib35]^ Given that pharmacological or genetic inhibition of autophagy leads to increased metformin-induced apoptosis, our present data argue that metformin-mediated autophagy is a prosurvival mechanism rather than a cell death mechanism. This supports a prior study in which inhibition of autophagy sensitized apoptosis-resistant tumor cells to chemotherapy in chronic myeloid leukemia (CML) and lymphoma.^[@bib31]^ In contrast, autophagy inhibition by silencing LC3 or Atg5 decreases apoptosis and inhibits the metformin inhibitory effects on melanoma cells.^[@bib20]^ Although the circumstances under which autophagy functions as a primary cell death mechanism or survival remain to be defined, it is hypothesized that autophagy inhibition promotes apoptosis in cancer cells with intact apoptotic signaling pathways.^[@bib36]^ However, the exact role and mechanism of metformin-induced autophagy in different cancer types and different stages is worthy of further study.

The mechanisms of metformin inhibition are postulated to be associated with both indirect and direct effects of the drug. Indirect effects are linked to the ability of metformin to inhibit the transcription of key gluconeogenesis genes in the liver and stimulate glucose uptake in muscle, thus increasing insulin sensitivity and reducing blood glucose and lowering insulin levels.^[@bib1],\ [@bib18]^ The direct effects of metformin are believed to be primarily mediated by activation of AMPK, leading to a reduction in mTOR signaling and protein synthesis in cancer cells.^[@bib19],\ [@bib31],\ [@bib32]^ Despite these common mechanisms, cancer type-specific pathways may provide disease-specific targets and relevant biomarkers in clinical settings. In this case, ESCC is a malignancy associated with inflammation, in which Stat3 and its direct targets, such as Bcl-2 and cyclin D1, are frequently disregulated.^[@bib11],\ [@bib14],\ [@bib37]^ Our *in vitro* and *in vivo* findings suggest that metformin exerts antineoplastic activities through downregulation of Stat3 signaling; that is, Stat3 modulates the autophagic process induced by metformin in addition to its participation in cell proliferation and apoptosis. The regulation by Stat3 of autophagy, defined in our study, is also supported by similar publications in triple-negative breast cancer,^[@bib19]^ malignant glioma,^[@bib38]^ Hela cells^[@bib39]^ and cardiac disease.^[@bib40]^

We further investigated the possible mechanism of how Stat3 triggers apoptosis and autophagy. In this study, Bcl-2, a pro-survival gene directly induced by Stat3,^[@bib21],\ [@bib41]^ is repressed by metformin treatment. Furthermore, siRNA-mediated knockdown of Stat3 exacerbates metformin-mediated Bcl-2 repression. Prior reports have shown that inactivation of Stat3 correlates with altered Bcl-2/Bax expression and induction of apoptosis.^[@bib41]^ Likewise, our findings indicate that Stat3 mediates apoptosis through regulation of Bcl-2 in ESCC cells following metformin treatment.

Few studies have directly defined the mechanism of how Stat3 triggers autophagy in cancer cells. Bcl-2 is also known to negatively regulate Beclin-1-dependent autophagy both *in vitro* and *in vivo*.^[@bib21],\ [@bib28]^ An increasing body of data support the hypothesis that Bcl-2 prevents cells from undergoing autophagy by binding and inhibiting Beclin-1.^[@bib21],\ [@bib28]^ Therefore, repression of Bcl-2 may dissociate the Bcl-2/Beclin-1 complex and thereby increase cellular autophagy.^[@bib30]^ It is also evident that Bcl-2 siRNA induces expression of Beclin-1 and Atg5 autophagy-promoting proteins in breast cancer cells,^[@bib28]^ suggesting that inhibition of Bcl-2 induces autophagy through induction of Beclin-1 and Atg5. In our study, downregulation of Bcl-2 by metformin treatment/Stat3 inactivation leads to liberated or induced Beclin-1/Atg5, thereby triggering autophagy. This observation was further confirmed by showing that ectopic expression of Bcl-2 in ESCC cells attenuated metformin-induced autophagy. We further describe that Bcl-2 overexpression positively correlates with p-Stat3 in ESCC samples of patients ([Figure 5e](#fig5){ref-type="fig"}). In addition, we also show that metformin treatment of mice bearing ESCC tumors resulted in decreased levels of Bcl-2 along with decreased p-Stat3, and inhibited tumor growth. Given that knockdown Bcl-2 has been proposed as a therapeutic strategy alone or with chemotherapy in cancers that overexpress Bcl-2,^[@bib28]^ Stat3-Bcl-2 proto-oncogene pathway may provide promising opportunities as therapeutic targets for ESCC.

AMPK is an important sensor of energy balance. Metformin treatment activates AMPK both *in vivo* and *in vitro*. Metformin-mediated AMPK activation was also observed in our study. However, AMPK activation does not play a prominent role in metformin-mediated Stat3 inactivation, as metformin robustly inhibits the Stat3 pathway in AMPK-silenced cells, although we cannot exclude direct regulation of cell survival and cell death by AMPK (to Beclin for example) or through other pathways that may also contribute to cell growth and survival ([Figure 7](#fig7){ref-type="fig"}).

Collectively, metformin exerts antineoplastic effects on ESCC cells in *vitro* and in *vivo*. These beneficial effects can be explained by metformin-mediated Stat3 inactivation and Bcl-2 repression with downstream induction of apoptosis and autophagy. In a translational setting, our work motivates future clinical trials to investigate whether inhibition of autophagy or blockage of Stat3/Bcl-2 function may enhance the antineoplastic effects of metformin in human ESCC.

Materials and Methods
=====================

Reagents and antibodies
-----------------------

Metformin (D150959), CQ (C6628), MDC (30432), 3-MA (M9281), 4\',6-diamidino-2- phenylindole (DAPI; D9542), antibodies against anti-*β* and LC3, anti-rabbit secondary antibody, anti-mouse secondary antibody and Cy3-labeled rabbit secondary antibody were purchased from Sigma (St. Louis, MO, USA). Antibodies against p-Stat3 (Y705), Stat3, cyclin D1, LC3, PCNA and PARP were purchased from Cell Signaling (Beverly, MA, USA); antibodies against p-AMPK, p-mTOR, Beclin-1, Bcl-2, p62 and Bax were purchased from Santa Cruz (Santa Cruz, CA, USA). Anti-phospho-Histone H3 (Ser10) antibody was purchased from Upstate (Millipore, Billerica, MA, USA). Dulbecco\'s modified Eagle\'s medium (DMEM) and fetal bovine serum were obtained from Gibco (Life Technologies Gibco/BRL, New York, NY, USA). Crystal violet staining and JC-1 were obtained from Beyotime Institute of Biotechnology (Shanghai, China). ApopTag plus peroxidase *in situ* apoptosis detection kit was obtained from Millipore. AO was obtained from Poly-Sciences (Warrington, PA, USA). Stat3, AMPK, Beclin-1 and Atg5 siRNAs were purchased from Shanghai GenePharma (Shanghai, China). Lipofectamine 2000 was bought from Invitrogen (Carlsbad, CA, USA).

Human tissue specimen
---------------------

In this study, the paraffin-embedded pathological specimens from 36 patients with ESCC and adjacent nontumor tissues were obtained from Cancer Hospital of Shantou University Medical College in the Chaoshan littoral, which is located in Southern China and is recognized as one of the high-incidence regions with esophageal cancer, between March and September 2009. This study was approved by the Institutional Review Board and the Ethics Committee of Cancer Hospital of Shantou University Medical College (IRB serial number: \#04--070).

Cell culture and cell viability assay and colony formation assay
----------------------------------------------------------------

EC109 and EC9706 cells were obtained from the tumor cell bank of the Chinese Academy of Medical Science^[@bib5],\ [@bib8]^ and were cultured in DMEM medium supplemented with 10% FBS, 100 unit/ml penicillin and 100 unit/ml streptomycin at 37°C in a humidified atmosphere with 5% CO~2~. Immortalized NE3 cells were cultured in Defined Keratinocyte-SFM (DK-SFM)/Epilife mixed medium (Life Technologies Gibco/BRL).^[@bib8],\ [@bib42]^ All experiments were performed during the exponential phase of cell growth.

Cell viability was assessed by MTT assay as described previously.^[@bib8]^ Cells were plated in 96-well plates at a density of 5000 cells in 100 *μ*l medium per well 1 day before the experiment. The cells were treated with metformin with indicated condition including co-treatment with 3-MA or CQ, gene knockdown and gene overexpression. The cell viability was examined by MTT assay.

For colony formation assay, following treatment, adherent cells were trypsinized and 1000 viable cells were subcultured in six-well plates (in triplicate). Cells were allowed to adhere and colonize for 14 days. To visualize colonies, media were removed and cells were fixed in 96% ethanol for 10 min and stained with crystal violet staining solution.

Western blot analysis
---------------------

Whole-cell lysates and tissue lysates were prepared from treated cells and xenograft tumor for immunoblotting analysis as described previously.^[@bib43]^ Protein extraction and western blot analysis were performed as previously.^[@bib44]^ Immunoblotting was performed on the nitrocellulose membranes (Millipore) using enhanced chemiluminescence (ECL kit, Pierce, Thermo Fisher Scientific, Waltham, MA, USA). The blots were visualized by autoradiography for cyclin D1 ([Figure 5b](#fig5){ref-type="fig"}). For all other proteins, membranes were probed with anti-rabbit secondary antibodies conjugated to IRdye 800 (Rockland Immunochemicals, Gilbertsville, PA, USA) and blotted proteins were detected and quantified using the Odyssey infrared imaging system (Li-Cor Biosciences, Lincoln, NE, USA).

GFP-LC3 analysis
----------------

EC109 cells stably expressing GFP-LC3 were obtained by transfecting the cells with pEGFP-LC3 plasmid and selected with G418. Transfection using Lipofectamine 2000 Reagent (Invitrogen) was carried out according to the manufacturer\'s instructions. After transfection (5 h), cells were washed twice with phosphate-buffered saline, and fresh DMEM was added for further incubation. The formation of GFP-LC3 punctate structures was examined as previously described.^[@bib31]^ The images were taken using the fluorescence microscope (Olympus IX70, Olympus, Tokyo, Japan).

Immunohistochemistry, immunofluorescence and TUNEL assay
--------------------------------------------------------

IHC staining was performed as previously described.^[@bib44]^ Briefly, 4 *μ*m sections were cut from specimens that had been fixed in 10% buffered formalin and embedded in paraffin. After undergoing deparaffinization and rehydration, endogenous peroxidase blocking and antigen retrieval, specimens were incubated overnight at 4°C with anti-p-Stat3 polyclonal antibody (1 : 200), anti-Stat3 polyclonal antibody (1 : 200), anti-cyclin D1 polyclonal antibody, anti-Bcl-2 polyclonal antibody (1 : 100), anti-p62 polyclonal antibody (1 : 200) or anti-PCNA polyclonal antibody (1 : 200). Staining was visualized using an EnVision antibody complex method; an EnVision kit (ZSGB-BIO, Beijing, China) was employed and 3,3′-diaminobenzidine was used as the chromogen. Nuclei were counterstained with hematoxylin. Positive controls were sections from a breast cancer. Sections immunostained with rabbit or mouse IgG as the primary antibody were used as negative controls. Immunostaining results were graded semiquantitatively by counting the percentage of positive cells and intensity. The specimens were evaluated by two independent observers who were unaware of the clinical information.

For immunofluorescence assay of pH3, fixed cells were permeabilized with 0.1% Triton X-100 at room temperature for 15 min and incubated with anti-pH3 antibody overnight at 4°C. Cells were washed 3 times with PBST (phosphate-buffered saline with Tween-20) and then incubated for 1 h with Cy3-conjugated goat anti-rabbit IgG at room temperature. For identification of cells with nuclear changes typical of apoptosis, cells were stained with 0.1 *μ*g/ml DAPI for 5 min. Samples were examined under a fluorescence microscope (Olympus IX70).

TUNEL assay was performed on cells and tumor tissues from mice. Apoptotic cells were detected using ApopTag plus peroxidase i*n situ* apoptosis detection kit according to the manufacturer\'s instructions.^[@bib45]^ Stained sections were visualized under fluorescence microscope.

Analysis of apoptosis by Annexin V-FITC and by JC-1
---------------------------------------------------

Apoptosis was quantified with an Annexin V-FITC apoptosis detection kit (Beyotime Institute of Biotechnology) as described by the manufacturer\'s instructions. After exposure to drugs for 48 h, the cells were collected and washed with PBS, gently resuspended in Annexin V binding buffer and incubated with Annexin V-FITC/PI. Flow cytometry was performed using Cellquest software (BD Biosciences, San Jose, CA, USA).

Mitochondrial membrane potential (ΔΨm) changes were investigated using JC-1, a sensitive fluorescent probe for ΔΨm.^[@bib5]^ Cells were stained with 5 *μ*M JC-1 for 30 min at 37°C. After rinsing with ice-cold PBS, cells were resuspended in PBS and immediately assessed by flow cytometry for red and green fluorescence. A 488 nm filter was used for the excitation of JC-1. Emission filters of 535 and 595 nm were used to quantify the population of mitochondria with green (JC-1 monomers) and red (JC-1 aggregates) fluorescence. Frequency plots were prepared for FL1 and FL2 (red) to determine the percentage of the mitochondria that stained green (low membrane potential) *versus* red (normal membrane potential).

Autophagy analysis by immunofluorescence and flow cytometry
-----------------------------------------------------------

Assessment of autophagy was accomplished by detecting and quantifying AVOs using immunofluorescence (AO staining and MDC staining) and flow cytometry.

Cell staining with AO was performed as previously.^[@bib5],\ [@bib46]^ Treated cells were stained with AO at a final concentration of 1 mg/ml for 17 min. Photographs were obtained with a fluorescence microscope (Olympus IX70). AO-stained cells were quantified using flow cytometry.

For MDC staining,^[@bib5],\ [@bib46]^ autophagic vacuoles of treated cells were stained with MDC by incubating cells with 0.05 mM MDC at 37°C for 30 min. After incubation, cells were washed and immediately analyzed with a fluorescence microscope (Olympus IX70).

Transmission electron microscopy
--------------------------------

TEM assay was performed as described previously.^[@bib5]^ EC109 cells were harvested by trypsinization and fixed with ice-cold glutaraldehyde. The cells were then fixed in OsO~4~ and embedded in Epon-812. Fixed cells were sliced into 1 *μ*m sections and stained with uranium. Representative areas were chosen for ultra-thin sections to view with a JEM-1400 electron microscope (JEOL Ltd., Tokyo, Japan).

Gene knockdown using siRNA
--------------------------

The siRNAs to Atg5, Beclin-1, Stat3, AMPK or control siRNA were all purchased from Shanghai GenePharma. Cells were transfected with siRNA using Lipofectamine 2000 (Invitrogen) according to the manufacturer\'s instructions. Cells were incubated for 48 h before further treatment.

EC109 with ectopic expression of Bcl-2
--------------------------------------

A plasmid harboring Bcl2 cDNA or control was introduced into EC109 cells, using Lipofectamine 2000 Reagent (Invitrogen) according to the manufacturer\'s protocol. After 24-h transfection, the medium was replaced and cells with transient expression of Bcl-2 were treated with 10 mM metformin for indicated periods of time. Cell lysates were collected and subjected to western blot analysis.

Animal studies
--------------

All animal experiments were done according to an Institutional Animal Care and Use Committee-approved protocol. Institutional guidelines for the proper and humane use of animals in research were followed. Female nude mice (nu/nu, 5--6 weeks old) were purchased from Beijing Vital River Laboratory Animal, Inc. (Beijing, China) and maintained under specific pathogen-free conditions in this study. Before injecting into animals, EC109 cells were washed twice and counted, and 1.5 × 10^6^ cells suspended in 100 *μ*l of PBS were inoculated subcutaneously in the flanks. Treatment with metformin was started 7 days after inoculation of the cells. The experimental group (*n*=8) was treated daily with i.p. injections of metformin (250 mg/kg body weight) for the next 4 weeks until the mice were killed, whereas the control group (*n*=8) received equal volume of vehicle only. For CQ and metformin co-treatment experiment, the experimental group (*n*=5) was treated daily with i.p. injections of metformin (250 mg/kg body weight) and CQ (250 mg/kg body weight) for the next 4 weeks until the mice were killed, whereas the control group (*n*=5) received equal volume of metformin only. Throughout the course of treatment, the mice were monitored daily for any discomfort and weighed every third day to check for physical condition. The length and width of the tumors were measured using calipers twice per week for 4 weeks and tumor volume was calculated using the formula: length × (width)^2^ × 0.52, as described previously.^[@bib45]^

Statistical analysis
--------------------

All statistical analyses were performed using the SPSS 17.0 statistical software package (SPSS Inc., Chicago, IL, USA). Comparisons between two groups were performed using Student\'s *t-*test. Bivariate correlations between study variables were calculated by Pearson\'s correlation coefficients. Data represent the means±S.D. The *P-*value of \<0.05 was considered statistically significant.
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![Metformin selectively inhibits ESCC cell growth. EC109 (**a**), EC9706 (**b**) and NE3 (**c**) cells were treated with metformin at the indicated concentration for 24 and 48 h and for 7 days. Cell viability, measured by MTT, was presented as the means±SD from three separate experiments. (**d**) Colony formation of ESCC cells was decreased in a dose-dependent manner by metformin treatment. Experiments were performed in triplicate](cddis201459f1){#fig1}

![Metformin induces apoptotic cell death in ESCC cells. (**a**) Cells were stained with annexin-V-FITC (20 *μ*g/ml) and PI (20 mg/l) following treatment with or without metformin for 48 and 72 h and for 7 days. Apoptosis was analyzed using flow cytometry. (**b**) Cells were stained with JC-1 (10 *μ*g/ml) following treatment with or without metformin at the indicated concentrations for 48 h. Mitochondrial membrane potential (MMP) was analyzed using flow cytometry. (**c**) TUNEL staining of EC109 cells after 48 h of metformin treatment at the indicated concentrations. Positive cells were labeled with TUNEL (green) (magnification, × 400). Quantification of the number of TUNEL-positive cells in the control and metformin-treated cells (graph on the right), plotted as a percentage TUNEL-positive cells. \**P*\<0.05 and \*\**P*\<0.01 represent significant differences compared with the control. The *P-*values were calculated using a two-sided Student\'s *t-*test. (**d**) Effects of metformin on apoptosis-related proteins assayed by western blot at different treatment concentrations (left) and different times (right). *β*-Actin was probed as the loading control. (**e**) Cell proliferation assessed by immunohistochemistry with anti-phospho-Histone H3 (pH3) antibody in ESCC cells after treatment with metformin for 48 and 72 h and for 7 days. pH3 were red and nuclei were stained with DAPI (blue). Per field, 100 cells were counted, and 10 fields were counted per sample (magnification, × 200). Graphs represent the percentage of pH3-positive cells. \*\**P*\<0.01 and \*\*\**P*\<0.001 compared with the control. *P-*values were calculated using a two-sided Student\'s *t-*test. Representative data from one of three independent experiments are shown in panels from (**a**) through (**d**)](cddis201459f2){#fig2}

![Metformin triggers ESCC cell autophagy. (**a**) Representative images of AO (upper) and MDC (middle) staining of ESCC cells following treatment with metformin at the indicated concentration for the indicated time. For AO staining (upper), red color intensity shows acidic vesicular organelles, representing autophagolysosomes. For MDC staining (middle), punctate fluorescence in the cytoplasm indicates formation of autophagic vacuoles. In the bottom panel, EC109 cells transfected with GFP-LC3 plasmid were treated with metformin for 24 and 48 h. Control cells showed a diffuse expression pattern of GFP-LC3, whereas metformin-treated cells displayed GFP-LC3-II a punctate pattern, indicating formation of autophagosomes. Magnification: × 400 for AO and MDC stainings, and × 1000 for GFP-LC3. (**b**) EC109 cells were treated with the indicated concentration of metformin for 48 h, and then cells were stained with AO. Cell autophagy was analyzed by quantification of acidic vesicular organelles (AVOs) with AO using flow cytometry. (**c**) Effects of metformin on autophagy-related proteins assayed by western blot at different metformin concentrations (left) and different times (right). *β*-Actin was probed as the loading control. (**d**) Transmission electron microscopy (TEM) images showing autophagic vacuoles (arrows) observed in metformin-treated EC109 cells for 48 h (right). Starved cells were used as a positive control for autophagy (middle). No or few autophagic vacuoles are observed in control cells (left panel). Representative data from one of three independent experiments are shown in (**a**--**c**)](cddis201459f3){#fig3}

![Inhibition of autophagy sensitizes cells to metformin-induced apoptotic cell death. (**a**) Inhibition of autophagy with 3-MA or CQ decreases viable metformin-treated cells. Cell viability was measured by MTT assay after cells were incubated with the indicated concentration of metformin with or without 3-MA (±3-MA, 5 mM; ±CQ, 25 *μ*M) for 48 h (left and middle). Cell viability was measured by MTT assay after cells were incubated with the indicated concentration of 3-MA with or without metformin (±metformin, 10 mM) for 48 h (right). Data were expressed as the means±SD from three separate experiments as the percentage of viable cells in the control group. \**P*\<0.05 and \*\**P*\<0.01 by Student\'s *t-*test. (**b**) Representative images of TUNEL staining of EC109 cells after treatment with the indicated concentration of metformin with or without 3-MA (±3-MA) for 48 h (magnification, × 400). Quantification of the number of TUNEL-positive cells (graph on the right), plotted as a percentage TUNEL-positive cells. \*\**P*\<0.01 by Student\'s *t-*test. (**c**) Cells were stained with JC-1 (10 *μ*g/ml) following metformin treatment with or without metformin CQ (±CQ) for 48 h. Mitochondrial membrane potential (MMP) was analyzed using flow cytometry. (**d**) Apoptosis- and autophagy-related proteins were examined by western blot following metformin treatment with or without 3-MA (±3-MA) for 48 h. (**e**) Effects of genetic inhibition of autophagy by knockdown of Beclin-1 or Atg5 on metformin-mediated apoptosis. LC3 and cleaved PARP were examined by western blot. Representative data from one of three independent experiments are shown in (**b**--**e**). Error bars indicate±S.E. \**P*\<0.05 and \*\**P*\<0.01 by Student\'s *t-*test. *β*-Actin was the loading control in (**d**) and (**e**)](cddis201459f4){#fig4}

![Inactivation of Stat3/Bcl-2 signaling contributes to metformin-induced effects. (**a**) Metformin treatment repressed expression of p-Stat3 and cyclin D1, as assayed by western blot. (**b**) Western blotting was used to assess p-Stat3, Stat3 targets (cyclin D1 and Bcl-2), apoptosis-related proteins, and autophagy-related proteins in Stat3 siRNA -- or control siRNA-transfected EC109 cells treated with metformin. (**c**) Representative images ( × 1000) of GFP-LC3 expression patterns in Stat3 siRNA and control siRNA cells following metformin treatment. EC109 cells transfected with GFP-LC3 plasmid were used. (**d**) Ectopic expression of Bcl-2 attenuates metformin-mediated autophagy and apoptosis, as indicated by related protein expression assayed by western blot. (**e**) Representative images of IHC staining of p-Stat3 and Bcl-2 in adjacent nontumor ( × 200) and ESCC tumor tissues ( × 400) from patients. The p-Stat3 protein level positively correlated with the Bcl-2 protein level in ESCC tumors from 36 patient samples (Pearson\'s correlation coefficient test, *r*=0.695 and *P*\<0.001). (**f**) Effects of metformin treatment (10 mM for 48 h) on expression of AMPK/mTOR, p-Stat3 and LC3, as assayed by western blot, following transfection with AMPK siRNA or control siRNA. Representative data from one of three independent experiments are shown in (**a**, **b**, **c**, **d** and **f**). *β*-Actin was applied as the loading control for (**a**, **b**, **d** and **f**)](cddis201459f5){#fig5}

![Metformin inhibits ESCC tumor growth *in vivo*. (**a**) Tumor growth curve of metformin-treated mice (250 mg/kg body weight) and control (vehicle treated) mice. Data represent the mean±S.D. of eight mice in each group. \**P*\<0.05 by the Student\'s *t-*test. (**b**) Dissected tumor was photographed and weight was measured. \**P*\<0.05 by Student\'s *t-*test. (**c**) Representative images ( × 400) of IHC analysis of p-Stat3, cyclin D1, Bcl-2, PCNA, TUNEL and p62 in tumors. (**d**) Western blots of LC3 in tumor tissues. *β*-Actin was probed as the loading control](cddis201459f6){#fig6}

![Proposed mechanisms responding to metformin-induced effects in ESCC](cddis201459f7){#fig7}
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